The eXperimental Planetary boundary layer Instrumentation Assessment (XPIA) field campaign took place in March through May 2015 at the Boulder Atmospheric Observatory, utilizing its 300 m meteorological tower, instrumented with two sonic anemometers mounted on opposite sides of the tower at six heights. This allowed for at least one sonic anemometer at each level to be upstream of the tower at all times and for identification of the times when a sonic anemometer is in the wake of the tower frame. Other instrumentation, including profiling and scanning lidars aided in the identification of the tower wake. Here we compare pairs of sonic anemometers at the same heights to identify the range of directions that are affected by the tower for each of the opposing booms. The mean velocity and turbulent kinetic energy are used to quantify the wake impact on these first-and second-order wind measurements, showing up to a 50 % reduction in wind speed and an order of magnitude increase in turbulent kinetic energy. Comparisons of wind speeds from profiling and scanning lidars confirmed the extent of the tower wake, with the same reduction in wind speed observed in the tower wake, and a speed-up effect around the wake boundaries. Wind direction differences between pairs of sonic anemometers and between sonic anemometers and lidars can also be significant, as the flow is deflected by the tower structure. Comparisons of lengths of averaging intervals showed a decrease in wind speed deficit with longer averages, but the flow deflection remains constant over longer averages. Furthermore, asymmetry exists in the tower effects due to the geometry and placement of the booms on the triangular tower. An analysis of the percentage of observations in the wake that must be removed from 2 min mean wind speed and 20 min turbulent values showed that removing even small portions of the time interval due to wakes impacts these two quantities. However, a vast majority of intervals have no observations in the tower wake, so removing the full 2 or 20 min intervals does not diminish the XPIA dataset.
Abstract. The eXperimental Planetary boundary layer Instrumentation Assessment (XPIA) field campaign took place in March through May 2015 at the Boulder Atmospheric Observatory, utilizing its 300 m meteorological tower, instrumented with two sonic anemometers mounted on opposite sides of the tower at six heights. This allowed for at least one sonic anemometer at each level to be upstream of the tower at all times and for identification of the times when a sonic anemometer is in the wake of the tower frame. Other instrumentation, including profiling and scanning lidars aided in the identification of the tower wake. Here we compare pairs of sonic anemometers at the same heights to identify the range of directions that are affected by the tower for each of the opposing booms. The mean velocity and turbulent kinetic energy are used to quantify the wake impact on these first-and second-order wind measurements, showing up to a 50 % reduction in wind speed and an order of magnitude increase in turbulent kinetic energy. Comparisons of wind speeds from profiling and scanning lidars confirmed the extent of the tower wake, with the same reduction in wind speed observed in the tower wake, and a speed-up effect around the wake boundaries. Wind direction differences between pairs of sonic anemometers and between sonic anemometers and lidars can also be significant, as the flow is deflected by the tower structure. Comparisons of lengths of averaging intervals showed a decrease in wind speed deficit with longer averages, but the flow deflection remains constant over longer averages. Furthermore, asymmetry exists in the tower effects due to the geometry and placement of the booms on the triangular tower. An analysis of the percentage of observations in the wake that must be removed from 2 min mean wind speed and 20 min turbulent values showed that removing even small portions of the time interval due to wakes impacts these two quantities. However, a vast majority of intervals have no observations in the tower wake, so removing the full 2 or 20 min intervals does not diminish the XPIA dataset. Atmospheric Observatory (BAO) in Erie, Colorado, are a rare resource for observing the planetary boundary layer (PBL) as well as mesoscale phenomena. The BAO tower has booms at six heights on two sides, extending to the northwest and southeast, which are capable of holding diverse meteorological sensors. However, the structure of the tower (Hall, 1976; Kaimal and Gaynor, 1983) disrupts the free-stream ambient flow experienced by the downstream sensors. Therefore, the tower frame wakes the northwest boom during southeasterly winds, and, conversely, the tower frame wakes the southeast boom during northwesterly winds (Fig. 1) . The aim of this study is to use sonic anemometry and lidar technology to precisely define the wake region around the BAO tower, where the meteorological measurements are impacted by the presence of the tower. The wake regions, compared to freestream measurements, are characterized by lower observed wind speeds, as well as increased turbulent motions. Furthermore, biases in wind direction are also observed when comparing sonic anemometers and wind lidar observations. Quantifying free-stream wind speed reduction magnitudes provides guidance on instrument measurement uncertainties.
Previous studies of tower wakes have found a 35-40 % reduction in wind speeds due to towers of different geometries (Dabberdt, 1968; Cermak and Horn, 1968) , and computational fluid dynamics approaches have supported those observations (Orlando et al., 2011; Fabre et al., 2014) . Lira et al. (2016) compiled the possible uncertainties in estimates of wind energy production, including a discussion of uncertainty due to assembly of the wind sensors. Citing the International Energy Agency (IEA, 1999) , for a triangular lattice tower with a constant inflow, 2-D Navier-Stokes computations and actuator disc theory resulted in more than a 0.5 % average deficit in velocity present out to a distance of 5.7 times the width of the tower face. However, these studies are limited in their applicability to different tower geometries as well as the possible atmospheric conditions in the boundary layer. Each meteorological tower possesses unique geometry and boom layout, so similar analyses must be completed for each tower under scrutiny. Analysis of sonic anemometer observations on the 200 m tower at the SWiFT site in Texas identified the wake of the tower frame in the increase in turbulence intensity at the sonic anemometers mounted on booms on a single side of the tower (Kelley and Ennis, 2016) . At the Høvsøre site in Denmark, the meteorological tower has cup anemometers and wind vanes on the south booms and sonic anemometers on the north booms, but Peña et al. (2016) state that tower distortions are generally neglected in meteorological studies, since the westerly and easterly winds are predominant and more homogenous. The current study stands uniquely as a comprehensive method of determining any meteorological tower wake, using either a set of in situ anemometers in and out of the wake or independent wind measurements (e.g., profiling lidars). This thorough analysis for the BAO tower eliminates, hereafter, the need to repeatedly quantify the angles of the tower wake for each subsequent measurement campaign or deployment of sonic anemometry on the BAO tower. The paper is organized as follows: Sect. 2 will introduce the field campaign and observational datasets, Sect. 3 will identify wake effects using pairs of sonic anemometers, Sect. 4 will utilize two lidar datasets for wake identification, Sect. 5 will use both sonic anemometer and lidar data to describe the flow deflection around the BAO tower, Sect. 6 will discuss the impacts of varying levels of tower-wake contamination, and Sect. 7 will conclude.
XPIA field campaign
From 2 March to 31 May 2015, the US Department of Energy funded the eXperimental Planetary boundary layer Instrumentation Assessment (XPIA) to assess the ability of several remote sensing instruments for observing the PBL (Lundquist et al., 2016a, b) . A key aspect of this campaign was measuring the PBL with in situ instrumentation, and the BAO's 300 m tower was heavily instrumented for this purpose. All data are publicly available in the Data Archive and Portal, found at https://a2e.energy.gov/projects/xpia.
BAO 300 m tower
The BAO is maintained by the Physical Sciences Division of the Earth System's Research Laboratory at the National Oceanic and Atmospheric Administration (NOAA-ESRL PSD) in Boulder, Colorado (Kaimal and Gaynor, 1983) . The BAO is located about 30 km north of Denver, CO, and 25 km east of the foothills of the Rocky Mountains, with relatively flat terrain (see Lundquist et al., 2016a , for a detailed terrain description). The centerpiece of the site is the 300 m meteorological tower and permanently operating instrumentation including a ceilometer and mono-static sodar, as well as surface flux stations. Several field campaigns have also included scanning and profiling radars, lidars, sodars, microwave radiometers, and other surface, radiation, and chemical sensors (Kaimal et al., 1986; Stone et al., 2011; Brown et al., 2013 , and many others).
The BAO tower is an equilateral, triangular, open-lattice structure, 3 m on each side, with two booms extending from the southwest-facing side (see Fig. 1 ) at six heights every 50 m from 50 to 300 m. At each height, the northwest boom is oriented at 334 • from north, and the southeast boom points at 154 • . All booms are 4.3 m long, from the center of the sonic anemometer to the tower leg, with the exception of the 250 m southeast boom, which is 3.3 m long. Though the structure of the tower is open lattice, electrical and other equipment is present at the heights of each boom, introducing further flow blockage. 1 The southwest face of the tower also contains an elevator and accompanying track on the inside of the tower and a carriage lift on the outside (see Figs. 1 and 2).
1 Though the 300 m booms are at the top of the tower and this level has more equipment inside the tower structure, and although the 250 m boom is shorter, the results at these levels showed statistically insignificant differences from the other heights and will thus not be compared independently.
During XPIA, the BAO tower was equipped with 12 Campbell Scientific CSAT3 sonic anemometers provided by the Characterizing the Atmospheric Boundary Layer (CABL) program of the National Center for Atmospheric Research and the University of Colorado, one mounted on each pair of booms at six heights of 50, 100, 150, 200, 250, and 300 m above ground level (a.g.l.), as well as temperature and humidity sensors at each height. The sonic anemometer data were sampled at 20 Hz, and a quality-control scheme was repeated four times, each time removing the data outside 6 standard deviations (6σ ) from the mean. In total, less than 0.1 % of the data were removed by this procedure. The availability of observations on opposite sides of the tower allowed an extensive study of the tower wake, since one sonic anemometer will receive unobstructed flow when the other is in the wake. Prior to this experiment, the sonic anemometers were calibrated, with measurement resolution (maximum offset error) of 0.1 cm s −1 (8 cm s −1 ) in the horizontal and 0.05 cm s −1 (4 cm s −1 ) in the vertical.
Profiling and scanning lidars
During XPIA, the BAO was also the host to many wind lidars, including a Leosphere WINDCUBE ® Offshore 8.66 profiling lidar (WCv2) and three Leosphere 200S scanning lidars. The WCv2 was located 130 m directly south of the BAO tower at the lidar "supersite". The WCv2 samples lineof-sight (LOS) velocities in four cardinal directions along a nominally 28 • azimuth from vertical, followed by a fifth, vertically pointed beam; each beam requires approximately 1 second. Range gates were centered on 40, 50, 60, 80, 100, 120, 140, 150, 160 , and 180 m a.g.l, with 10-20 m pulse lengths. The 1 s wind speed estimates were averaged into 2 min estimates presented here.
The 200S scanning lidars performed several scan geometries to measure the 3-D wind field (Lundquist et al., 2016a) . One of these scan geometries, called "virtual tower stares" (VTS; Calhoun et al., 2006) , involved coordinated scanning by the three 200S lidars to interrogate a common volume ( Fig. 3a) . Several configurations of the VTS techniques were tested during the 12-day period and were found to have very good agreement (R = 0.97 and mean difference of −0.03 m s −1 for wind speed, and R = 0.99 and mean difference of 0.30 • for wind direction) with the sonic anemometer measurements (Lundquist et al., 2016a) . In this paper, 3 days of VTS measurements from 21 to 24 March where the 200S scanning lidars performed coordinated 15 min stares at three sonic levels (50, 100, and 150 m) are used to assess the impact of tower structure wake on sonic anemometer measurements. For the duration of the VTS, the 200S scanning lidars operated with a 2 Hz data rate and 50 m pulse width. Within each of the 15 min stares, the 2 Hz co-located LOS measurements from the three lidars were accumulated into 2 s windows and least squares fitted to obtain the wind speed and direction. For this experiment, measurements are consid-ered co-located when the centers of the range gates from the three 200S lidars fall within a 35 m × 35 m box whose center is 10 m south of the SE sonic anemometers on the BAO tower (cyan box in Fig. 3b ). A schematic of the VTS and its horizontal footprint compared to the BAO tower is shown in Fig. 3 . The blue, brown, and red lines indicate the extent of the range gates from the three 200S lidars (Dalek1, Dalek2, and UTD, respectively) whose centers (defined by the small circles) fall within this common volume.
An estimate of the horizontal footprint of the VTS measurement is indicated by the black circle in Fig. 3b which encompasses the outermost extents of the three range gates used in the VTS fit and whose center is defined by the circumcenter of the outermost points. The diameter of this circle was found to be approximately 60 m. The size of the horizontal footprint of the VTS, thus estimated, compared to the tower footprint indicates that the wind measurements performed by the VTS should be sufficiently insensitive to the tower-wake effects and hence can be used to investigate the effect of the tower wake on the sonic anemometer measurements. In addition, for this 3-day period, the average LOS uncertainty for the 200S scanning lidars was estimated to be 0.15 m s −1 . With an average wind speed during this period of 4.17 m s −1 , the uncertainty was 3.6% of the average wind speed and, therefore, any velocity differences greater than this presents a clearly detectable signal.
Wake identification: sonic anemometer comparison
As an example of the wake effects from the BAO tower, Fig. 4 demonstrates the deviation in wind speeds as the wind directions varies. Winds on 4 April 2015 changed direction and crossed the axis of the booms, creating wakes around each of the booms at different times. Before 03:00 UTC, the 2 min average wind speed ( Fig. 4a ) observed by the sonic anemometers on the northwest boom and southeast booms is very similar. However, between 03:00 and 07:00 UTC, the speed measured by the northwest sonic anemometer decreases substantially, while the measurement from the southeast sonic anemometer remains relatively constant. During this interval, the winds (Fig. 4b ) are coming from the southeast, nearly parallel to the southeast boom orientation, so that the BAO tower frame is waking the northwest sonic anemometer. When the wind direction is not near the orientation of either boom, the sonic anemometers measure nearly the same wind speeds (between 07:00 and 10:00 UTC). This exemplifies the data contamination from tower waking; a quality control scheme must remove data points when the winds blow from a range of directions impacted by the tower.
Two quantities -mean wind speed and turbulent kinetic energy (TKE) -are used to identify distortion of the freestream flow from the BAO tower wake when comparing the sonic anemometers on opposing booms. At all times, at least one of the two sonic anemometers will be experienc- : brown, and UTD: red), as they stare at the BAO tower's six levels of sonic anemometers at 50, 100, 150, 200, 250, and 300 m a.g.l. The WCv2 is also shown near the BAO tower. Bottom: bird's-eye view of the measurement volume (cyan box, with x at the center) resulting from the range gates of the three scanning lidars, drawn with circles at the centers of the beams, to scale. The footprint of the beams of the VTS is shown in the black circle, with an x at the center. ing undisturbed flow, providing a base measurement to diagnose the magnitude of the wake effect on the other sonic anemometer's observations. By comparing the mean speed and TKE observed by both sonic anemometers over the full range of possible wind directions, the free-stream flow distortion effects of the BAO tower can be determined.
Mean speed
When a sonic anemometer is in the wake of the BAO tower frame, it will measure slower wind speeds, as demonstrated in Fig. 4 . To identify the angular swath at which a wake is 00: 00 02: 00 04: 00 06: 00 08: 00 10: 00 12: 00
Wind speed (m s ) imposed on each sonic anemometer, the 2 min mean wind speed over the full 3-month period was compared between the sonic anemometer datasets. The comparison is shown in Fig. 5 , as the ratio (southeast/northwest) of mean wind speeds as a function of direction, binned in 5 • intervals centered on 5, 15 • etc. Deviations from 1 indicate the waking effect of the tower on the sonic anemometer measurements.
To identify the wake on the northwest sonic anemometer, the wind direction from the southeast sonic anemometer was used (red line), showing that the northwest sonic anemometer measures lower wind speeds than the southeast for winds coming from between approximately 115 and 170 • . The average speeds measured by the northwest sonic anemometers can be half that of the southeast sonic anemometer for directions where the tower-wake effect is at its maximum. To identify the wake on the southeast sonic anemometer, the wind direction from the northwest sonic anemometer was used (blue line), showing that the southeast sonic anemometer measures lower wind speeds than the northwest between 315 and 10 • . Though the directions from the upstream sonic anemometer should be used to identify the wake in the downstream sonic anemometer, using the directions of the sonic anemometer in the wake produces the nearly same results (compare red and blue lines). Separating the sonic anemometer observations into daytime (unstable) and nighttime (stable) conditions (not pictured), we find only small differences: the peak wind speed ratio when the northwest booms were in the tower wake was 15 % larger during the daytime than at night and 4 % larger in the daytime when the southeast booms were in the wake. However, the directional extent of the tower wake does not vary with stability. Figure 5 . Ratio of 2 min mean wind speed from the southeast versus northwest sonic anemometers using data from all six heights for the full 3 months of measurements made during XPIA. The 5 • bins are determined by the northwest (blue) and southeast (red) sonic anemometers' wind directions. Solid vertical lines indicate the orientations of the booms at 154 and 334 • from north and dashed vertical lines indicate the boundaries of the wake, defined by the wind speed deficit, at 115-170 and 315-10 • . Error bars represent 1 standard deviation of the mean. Figure 6 . Two-minute mean wind speed from the northwest and southeast sonic anemometers at 50 m, in three bins contained in the northwest sonic anemometer's wake (115-170 • , red), the southeast sonic anemometer's wake (315-10 • , blue), and non-wake regions (38-89 and 219-269 • , green).
Using the angular swaths found in Fig. 5, Fig. 6 shows the southeast versus northwest sonic anemometers' 2 min wind speed measurements, compared in three directional sectors. The chosen angular ranges correspond to the BAO towerwake regions that affect the sonic anemometers, as well as an undisturbed region. The magnitudes of the disagreement in the individual measurements that are in the tower wake (red and blue points) appropriately show a wind speed decrease due to the tower wake, while the sonic anemometer measurements are in close agreement when not in the wake (green points). The deficits on individual measurements are up to approximately two-thirds of the speeds measured by the sonic anemometer in the undisturbed flow.
Interestingly, an opposite effect is also observed in the ratio of mean wind speeds in Fig. 5 adjacent to the wake regions (90-120, 170-230, 250-315, and 10-50 • ), where the ratio rises above or falls below 1, but with a much lower amplitude. For these directions, the (nearly) downstream sonic anemometer measures a higher wind speed than the upstream instrument. This inverse-wake effect is, on average, approximately 5 % of the undisturbed flow. This may be attributed to a speed-up of the winds as they flow around the tower structure, due to the conservation of mass, but may also indicate a slowdown on the upstream side of the tower.
Turbulent kinetic energy
In the wake of the tower, the turbulence is expected to increase, so a comparison similar to Sect. 3.1 was completed to identify increases in TKE due to the tower wake. TKE is defined by
where u , v , and w are perturbations from the 20 min average wind speed (a typical timescale for turbulent quantities in the PBL). The TKE from the northwest sonic anemometer can be compared to that of the southeast sonic anemometer in directional bins to identify angles at which one sonic anemometer is in a wake ( Fig. 7 ). Using 5 • bins of 20 min mean wind direction measured by the southeast sonic anemometer (red line), the wake effect on the northwest sonic anemometer is observed as a high bias in TKE between 300 and 25 • . To identify the wake on the southeast sonic anemometer, the direction from the northwest sonic anemometer is used (blue line), and the southeast sonic anemometer measures higher TKE than the northwest between 100 and 175 • . Interestingly, the ratio of mean wind speeds is symmetric for each boom (i.e., the ratios vary from 0.5 to 2), but for TKE the ratios vary from 0.75 to 2, showing a lesser wake effect downstream of the tower for winds out of the southeast. A scatterplot of the TKE measured on the northwest versus southeast booms is shown in Fig. 8 . Data points when the northwest booms in the tower wake are shown in red and lie above the one-to-one line, when the southeast booms in the wake are in blue and lie below the one-to-one line, and the unwaked values are in green, lying on the one-to-one line. A difference of up to an order of magnitude in TKE is observed in the wake of the tower.
Correlation between sonic anemometers
Because of the inverse effect on the wind speed ratio at the boundaries of the wake regions in Fig. 5 , we use a second approach to precisely define the angular regions affected by the tower. This approach employs the coefficient of determination, R 2 , between the 2 min mean wind speeds from the two igure 8. Twenty-minute TKE (on a logarithmic scale) from the northwest and southeast sonic anemometers at 50 m in three bins containing the northwest sonic anemometer's wake (100-175 • , red), the southeast sonic anemometer's wake (300-25 • , blue), and non-wake regions (38-89 and 219-269 • , green). The black dashed line is the one-to-one line. sonic anemometers as a function of wind direction, computed in 1 • bins and smoothed over 3 • averages, shown in Fig. 9a . R 2 values are very close to 1 when neither sonic anemometer is in a wake, and the wake or speed-up regions are identified as the ranges with decreased correlation surrounding the boom direction (shown in the solid vertical black lines). The standard deviation of the binned values of R 2 between 50-100 and 200-275 • , where no wake effects are expected, was calculated. The boundary of the wake was determined to be the direction at which the R 2 value fell below 3 standard deviations from the mean R 2 value (0.987 and 0.9976) of the non-wake regions. The four boundaries of the wakes were The blue line uses the wind directions from the northwest sonic to identify the wake formed around the southeast sonic anemometer near 334 • , and the red line uses the wind directions from the southeast sonic anemometer to identify the wake around the northwest sonic anemometer near 154 • .
found when the limit for the adjacent region was crossed (intersection of the dashed lines in Fig. 9a ). This method determined a range of winds coming from 134 to 181 • , creating a wake around the northwest sonic, and from 300 to 13 • waking the southeast sonic, as shown by the dashed vertical black lines.
Using the same method applied to the TKE, and all 3 months of 20 min measurements at all heights, the coefficients of determination, R 2 , between the two sonic anemometers were again computed for each 1 • wind direction bin (and smoothed over 3 • intervals) and shown in Fig. 9b . The large decreases in correlation are seen around the boom orientations, though the angular swaths of wake impacts are wider for TKE than for mean wind speed. The R 2 limits (3 standard deviations from the average in the ranges 50-100 and 200-275 • for the adjacent boundaries: 0.9887 and 0.980) are found, and the wake regions are defined, shown as dashed vertical lines in Fig. 9b . These results show the northwest sonic anemometer is in the tower wake when the winds are coming from 104 to 189 • , and the southeast sonic anemometer is in the wake when winds are coming from 288 to 28 • . These ranges are somewhat larger than those just from the mean velocity deficit in Fig. 5 , but they include a portion of the speed-up/blockage regions as well (see Table 1 ).
The range of directions found to be influenced by the BAO tower using R 2 of TKE in Fig. 9b is larger than those found Figure 10 . Wind directions from which the tower wake is apparent, as determined by the sonic anemometer comparisons of mean wind speed (blue) and TKE (red), using the ratio plots (solid) and correlation (dashed). Arcs span the ranges for each method. The orientations of the booms are also shown at 154 and 334 • (black solid lines). Figure 11 . Ratio of southeast to northwest sonic anemometers' wind speed, calculated over 2 min (blue), 10 min (red), and 20 min (yellow) intervals, using data from all heights of the BAO tower. Vertical solid lines denote the boom orientation angles, and the vertical dashed lines denote the largest tower-wake boundaries in Table 1 (100-189 and 288-28 • ).
for R 2 of mean wind speed in Fig. 9a . Figure 10 summarizes the results of the wake identification using the pairs of sonic anemometers, showing a compass of wind directions with the blue lines demarcating the wake boundaries as determined from the mean wind speed analysis and the red lines as the demarcation of the boundaries from the TKE analysis, both using the ratios (solid lines) and correlation (dashed lines). The angular widths of the wake regions determined by the TKE analysis are slightly wider, so sonic anemometer data being used for fluxes or second-order moments should discard this wider range of wind directions for the downwind sonic anemometer. Furthermore, the angular ranges determined by the correlation are larger than using the ratios in nearly all cases (Table 1) . Users of these data could define a different threshold of correlation than the one used here in order to be either more strict or more lenient toward the observations impacted by the tower.
The location of the tower structure in relation to the booms causes asymmetry in the tower-wake effects. For both northwest and southeast wakes, the extent of the wake region to the east of the boom orientations, i.e., clockwise from the northwest boom, counterclockwise from the southeast boom, is larger than the impacted directions on the west side ( Fig. 10 and Table 1 ). The mean wind speeds decrease out to 16 and 19 • toward the west (clockwise from the southeast boom and counterclockwise from the northwest booms, respectively), but on the east side, the impacts extend 39 and 36 • from southeast and northwest booms, respectively. Based on TKE, the tower impacts extend 51 • to the east (clockwise) from the northwest boom and 54 • east (counterclockwise) from the southeast boom, while, to the west, the wakes only reach 34 and 21 • from the northwest and southeast booms, respectively. Figure 9 also indicates the impact of the asymmetrical tower, as the correlation between mean wind speed and TKE at pairs of sonic anemometers is lower in the free-stream regions between 30 and 100 • (the directions for which the tower structure is upstream from the booms) than 200 and 290 • (the directions for which the tower structure is downstream from the booms).
Time-averaging effects on wake magnitude
Different applications and uses of tall tower data require different averaging intervals, so a comparison was completed to determine the effect that averaging has on the magnitude of the BAO tower wake. Flux studies are interested in high-frequency fluctuations over a 20 or 30 min interval, while wind energy studies tend to use shorter, often 10 min (Brower and Bernadett, 2012) , averages for resource assessment and model comparisons. To identify the effect that longer averages has on the tower wake, Fig. 11 compares the mean wind speed ratio between southeast and northwest sonic anemometers, calculated over 2, 10, and 20 min averaging intervals. The 2 min average creates the largest wake impact, with decreasing magnitude with longer averages in wind speed. This occurs because, over longer averages, it is increasingly likely that only a portion of the interval is in the tower wake and thus has a smaller impact on the overall ratio. Therefore, short timescale analyses will see larger impacts from the wake. The angular extent of the wake does not, however, change with the averaging time. It is only the magnitude, not width, of the peak or deficit in ratio that changes. The magnitude of the inverse effect (downstream speed-up or upstream slowdown) also does not change with averaging time, indicating that this is a stationary feature around the tower. 
Wake identification: sonic anemometer versus lidar observations
With several profiling and scanning lidars in operation during XPIA, these additional independent instruments are leveraged to identify the boundaries of the BAO tower wake. Included were the WCv2 profiling lidar and the three Leosphere 200S scanning lidars that performed synchronized virtual tower scans for 3-D wind retrievals adjacent to the BAO tower (discussed in Sect. 4.2). These independent measurements are employed here to confirm the angular extent of the BAO tower-wake boundaries and their influence on the sonic anemometers. In order to determine whether the two lidar measurement techniques used in this analysis are equivalent (and, thus, that any differences between the lidars and the sonic anemometers are due to the sonic anemometers themselves), VTS measurements were made over the lidar supersite and are compared to the WCv2 measurements (Fig. 12) . The VTS data compared with the WCv2 were collected continuously for a period of 9 days with the three 200S lidars performing 25 s coordinated stares over the supersite location at heights of 100 to 200 m a.g.l. with 20 m increments. These LOS measurements from the three 200S lidars over these 25 s were least squares fitted to obtain the wind speed and direction over the 25 s measurement period. In order to perform a comparison with the WCv2 over similar time averages, the 1 Hz WCv2 wind measurements (obtained by least squares fitting beams within a moving five-beam window) were averaged over 25 s to match the time resolution of the VTS stares. The comparison of the VTS and WCv2 measurements thus performed is shown in Fig. 12 . The wind measurements from the WCv2 and VTS agree well with slopes close to 1, correlation coefficients of 0.96 (0.98), and mean differences of 0.28 m s −1 (0.29 • ) for wind speed (wind direction). The differences in wind measurements may be due to the different measurement volumes being averaged; the volume of the VTS can be approximated as a circle of diameter 60 m and vertical extent of 15 m (∼30 625 m 3 ), and the volume of the WCv2 is a conical frustum with volumes of ∼ 40 000 to 400 000 m 3 . These lidar measurements are used here as an independent measurement to support the results of the sonic anemometer comparisons and to further identify the wake effects of the tower on the individual sonic anemometers. The magnitude of the wake effect as estimated from the two lidar measurements was found to be higher than the instrument error and measurement differences between the VTS and WCv2.
WCv2 profiling lidar
Using the WCv2 situated 130 m south of the BAO tower, further comparisons of the 2 min mean wind speeds were calculated to identify times when the sonic anemometers at each boom of the tower observed substantially different winds than those observed by the lidar, which measured undisturbed, free-stream winds. The mean wind speed ratio of the WCv2 lidar versus each sonic anemometer is shown in the blue lines in Fig. 13 , with a prominent velocity deficit measured around the boom orientation direction for each sonic anemometer. Similar to the comparison between sonic anemometers, the wind speed deficit measured by the sonic anemometer in the wake region is up to 40 % of the freestream wind speed, measured here by the WCv2 as well. The speed-up adjacent to the wake regions is not seen in the wind speed ratio between the WCv2 and the sonic anemometers, as the ratio never exceeds 1. However, the wind speed ratio dips below 1 for wind directions surrounding the upstream boom (280-30 for the northwest sonic anemometers and 90-210 for the southeast), indicating a slight slowdown of velocities or blockage on the upstream side of the tower. In this comparison, it is also possible to see that neither wake is symmetric about the booms. At the northwest boom, the largest wake effects occur when the winds are coming from the angles counterclockwise from the boom orientation, i.e., with a greater easterly component, which flows through the tower. The southeast sonic anemometers experience their slowest speeds at angles adjacent to the northwest boom orientation but also see a broader impact to the east (clockwise) of the boom orientation, where the tower structure is located.
Triple-doppler virtual tower stares
Using the 3 days of VTS at the BAO tower to identify the tower wake, the red and yellow lines in Fig. 13 show the comparison of the high-resolution 2 s and 2 min mean wind speeds, respectively, from the virtual tower with the corresponding mean wind speeds from the sonic anemometers on the northwest (top panel) and southeast (bottom panel) booms of the BAO tower. Here, the tower wake is clearly identified in the wind speed deficit surrounding the booms. At the northwest boom, the deficit peaks at 55 % of the lidar wind speed in both 2 s and 2 min mean speeds. This peak is centered at a counterclockwise orientation from the boom orientation, which is consistent with the wake regions determined from the sonic anemometer comparisons. The difference in averaging times appears in the speed-up region, where the 2 min mean wind speeds increase less than the 2 s ratios, which have an 8 % increase on the flanks of the wakedeficit regions. The 2 min ratios match those seen in Fig. 5 . For both averaging times, the wind speed ratios eventually level out to 1, but the 2 s observations have a larger range of angles where the ratio lies above 1. Both averaging times Vertical dashed lines denote the largest tower-wake boundaries in Table 1 (100-189 and 288-28 • ). experience a 5 % speed-up outside of the wake region, but, as with the northwest sonic anemometers, the 2 s wind speed ratios remain higher over a larger range of angles. Unlike the northwest side, the VTS wind speed ratios at the southeast sonic anemometers dip below 1 for directions between 120 and 210 • . This difference between northwest and southeast upstream behavior is not, however, seen in the WCv2, and is not visible in the comparisons of sonic anemometer measurements since both sonics would be experiencing decreased wind speeds, and the ratio is dominated by the downstream deficit. In the range from 30 to 120 • on Fig. 13a and 10 to 80 on Fig. 13b , the wind speed ratio remains above 1, resembling an extended speed-up region. This suggests that winds coming from the north to east are speeding up as they flow around the tower, affecting the southeast booms, and from the east and southeast, speeding up as they approach the northwest boom. This is most likely due to the triangular structure of the tower pointing to the northeast, causing winds to flow around the tower before reaching the sonic anemometers. The WCv2 does not see this decrease in wind speeds (increase in wind speed ratio) but, since it is 130 m away from the BAO tower, it is expected to be less sensitive to the smaller perturbations Figure 14 . Difference in wind direction between the sonic anemometers on the two booms (southeast minus northwest), calculated over 2 min (blue), 10 min (red) and 20 min (yellow) intervals, using data from all six heights of the BAO tower, in 10 • bins as determined by the southeast sonic anemometers' wind directions. The thin black line is the approximate sine-function fit, θ = 10 sin(θ − 154). Vertical solid lines denote the boom orientation angles, and the vertical dashed lines denote the largest towerwake boundaries in Table 1 (100-189 and 288-28 • ).
introduced due to the tower compared to the VTS. Lack of data from the VTS prevent this instrument alone from being used to identify the exact extent of the wakes, but its results support those of the extensive sonic anemometer and profiling lidar comparisons.
Flow deflection around tower
While the tower sonic anemometer wind speeds are affected over a range of angles around each boom, the wind direction may also vary in a manner independent from the wind speed deficit and TKE increase. The example time series from Fig. 4 shows a consistent difference in wind direction, where the northwest sonic anemometer measures slightly smaller angles (more counterclockwise directions) around 280 • , and the southeast sonic anemometer measures slightly smaller angles around 50 • . To further examine this, Fig. 14 plots the difference in wind direction measured by the sonic anemometers on opposite sides of the tower as the wind direction changes. The difference in angle follows a sinusoidal variation, approximately following the thin black line of θ = 10 sin(θ SE − 154). Differences up to 10 • are seen in ranges around 30 to 90 and 220 to 280 • , which are in the free-stream regions, not near the orientations of the booms. In fact, only when the winds are blowing directly along (or 10 • off from) the boom orientation -when one boom is in the wake -are the observed wind directions the same. Contrary to the differences seen in mean wind speed and TKE with averaging times, there is very little impact on direction difference when averaging for longer periods (different colored lines). These results show that the deflection around the tower is a consistent, large-scale feature that is not reduced by averaging. Figure 15 . Difference in 2 min mean wind direction between the sonic anemometers on the two booms (southeast minus northwest: solid black; mean of southeast and northwest: green) in 10 • bins as determined by the southeast sonic anemometers' wind directions and the WINDCUBE ® V2 profiling lidar at 50, 100, and 150 m (southeast sonic anemometers minus WCv2: blue; northwest sonic anemometers minus WCv2: red), in 10 • bins as determined by the WCv2 wind directions. Black circles are the sum of the differences between the sonic anemometers and the WCv2. Vertical solid black line denotes the orientations of the booms, and vertical dashed lines denote the largest tower-wake boundaries in Table 1 (100-189 and 288-28 • ). Figure 16 . Same as Fig. 15 , but showing the difference in wind direction between the 2 s sonic anemometer and virtual tower stare (VTS) measurements.
Using the independent measurements of wind direction from the WCv2 and scanning lidars' virtual tower, the direction difference observed by each sonic anemometer individually is also quantified in Figs. 15 and 16 . The overall behavior of the direction difference between the sonic anemometers (shown in black) and each lidar system is similar, with more variation in the VTS due to the shorter time span of the comparison and fewer points in each direction bin. There is agreement in behavior between the two lidar systems and the sonic anemometers, with asymmetrical behavior around the tower, as the northwest and southeast sonic anemometers do not deviate from the lidars' measurements in the same fashion. From 0 to 150 • , the directional difference between sonic anemometers is almost completely due to the northwest sonic, and the difference between the southeast sonic anemometer and the lidars is small, in the opposite direction. Neither sonic anemometer is in a wake in this region, so any deflection around the tower would be expected to be symmetrical. The direction of the biases is symmetrical, but not the amplitude. However, on the opposite side of the tower, when winds are coming from 150 to 360, both sonic anemometers show deviations in direction, though not in a completely symmetrical fashion. The sum of the differences (black circles) between each sonic and the lidar measurements follows the behavior of the differences between sonic anemometers (black lines), showing that both booms experience deflected flow that contributes to the total difference. Since the deflections are generally in the opposite direction for the two sonic anemometers, averaging the directions of the two sonic anemometers before comparing to the lidar decreases the wind direction difference (green lines) and is a preferred use of wind direction data from the sonic anemometers, since there is always a deflection measured around the tower. Averaging of wind speeds could also be done, though the differences outside of the wake are far smaller so it is less necessary. The difference from the average wind direction between sonics (green lines in Figs. 15 and 16) is positive at almost all wind direction angles, i.e., sonics measure winds rotated clockwise from the lidars. Figure 17 summarizes the behavior of the flow around the tower, as shown by the vectors of sonic anemometer and lidar (VTS) winds, as well as the difference, overlaid on the tower schematic. The data are binned in 10 • intervals of the 2 s VTS winds (black), and the corresponding sonic anemometer measurements, shown in red vectors, are overlaid (the same figure was made using the WCv2 winds over the full 3 months of XPIA, with consistent results). This figure shows the deviations from the expected wind direction from the VTS were the tower to have no impact. It is clear, however, that there are significant directional differences, in addition to the wake impact on wind speed apparent in the length of the black and red vectors. The general behavior is shown in the green arced arrows. The flow out of the east has a smaller effect on the southeast sonic anemometer's measurements, though generally follows the flow deflected toward the south, while the northwest sonic anemometer experiences flow that has been deflected significantly around the tower, toward the north. For winds from the west, both sonic anemometers experience flow that has been deflected by the tower, in opposing directions away from the tower: toward the north on the northwest sonic anemometers and toward the south on the southeast sonic anemometers. The perturbation vectors also show that the magnitude of the deflection is greater for winds from the east for the northwest sonic anemometers and slightly higher for winds from the west for the southeast sonic anemometers. The reason for the difference in deflection is not understood, as the behavior across the axis of symmetry is expected to be equal. Figure 17 . The vector representations of the average winds measured by the sonic anemometers at all heights (red) and the 2 s VTS (black), on the tower layout, with the vector of the perturbation in blue. Green curved arrows summarize the general trends around the sides of the tower with consistent behavior, with a dashed line indicating less consistent behavior in that quadrant.
Temporal extent of wake impacts
Once the directions of tower influences has been determined, the question arises as to what fraction of data points are in a wake in a temporal averaging interval, and how it will substantially alter the mean observation away from the freestream value. This section aims to determine the relation between the fraction of an averaging time interval that a sonic anemometer is in a wake and the error of the 2 min mean wind speed and 20 min TKE. It is hypothesized that the turbulent quantities will be more affected than the mean by a small percentage of measurements in a wake in each interval. For example, if 20 % of the time-averaging interval from the sonic anemometer is in a wake, then the true average speed (as measured by the upstream sonic anemometer or lidar) may be captured sufficiently accurately, and the interval may not need to be discarded. However, removing 20 % of the observations from a 20 min value of TKE will likely have a larger impact, and the whole interval may need to be discarded.
To determine the effect that an increasing percentage of observations in a wake has on each value of mean wind speed and TKE, the data points from the sonic anemometers in the tower wakes were removed, and the 2 min mean and 20 min TKE values were calculated using the remaining data. To reduce the effect of very high frequency direction fluctuations in the 20 Hz sonic anemometer observations that may have an instantaneous value of a wake direction but whose trajectory would not have come through the tower, the 1 s average wind speed and direction were calculated, and the winds in the range of wake directions (100-189 and 288-28 • ) were then removed. Over each 2 or 20 min averaging interval, the percentage of 1 s observations in a wake was saved, and the mean absolute error (MAE) between the two sonic anemometers was determined for each quantity, binned by the percentage of data in a wake in each interval. The values that go into the MAE calculation are chosen based on the sonic anemometer with the highest percentage of values in a wake in each particular 2 or 20 min interval (e.g., for one 2 min interval, if 10 % of the 1 s averages are in the wake at the southeast sonic anemometer and 4 % of the northwest sonic anemometer is in the wake, the pair at that time step goes into the 10 % bin). Figure 18 shows the MAE for the two quantities versus the percentage of 1 s observations that are in a wake in each interval; the top panel (a) shows the MAE between the two sonic anemometers for mean wind speed while the bottom panel (b) is the same for TKE. When neither instrument has any 1 s observations in a wake, the MAE between the sonic anemometers is around 5 % for mean wind speed and 8 % for TKE. The MAE for mean wind speed is lowest for time intervals containing small percentages of data points in a wake, then sharply increases from 5 to 8 % in MAE for time intervals with 5 % of the observations in a wake. As the removal of data in the tower wakes increases, the MAE remains nearly constant, remaining below 13 % MAE until 90 % of the data points in the 2 min intervals are in a wake. This is equivalent to 1 min and 48 s of observations in a wake being removed from the 2 min interval over which the mean wind speed is calculated. For the strictest data quality control all 2 min intervals should be removed if they contain any 1 s observation values in one of the tower wakes (approximately 55 % of the time, shown in the histogram in Fig. 18a ), but for less stringent quality control, all intervals with less than 90 % of observations in a wake could be kept, since the disagreement between sonics is still below 15 %. Above 90 %, however, the error between sonics greatly increases, and the values in the wakes dominate the mean wind speed. Nearly half of the 2 min intervals in the entire 3-month XPIA dataset never experience any wake effects (the 0 % bin in the histogram), while 30 % of the 2 min intervals experience wake effects the entire time. After a similar increase in MAE in the bin for 5 % of observations in the wakes, the error in TKE remains less than that of the mean speed until it begins a steady increase. This results in 13 % disagreement between sonics when 70 % of the 1 s observations are in a wake. Similar to the MAE in wind speed, above 90 % in a wake, there is a jump in MAE in TKE. Calculating the root mean squared error (RMSE) in wind speed and TKE between sonic anemometers produces similar behavior: after an immediate increase from 0 to 5 % 1 s observations magnitudes provides guidance on instrument Figure 18 . The mean absolute error (in percent) for the 2 min mean wind speed (a) and 20 min TKE (b) versus percentage of 1 s averages of the 20 Hz sonic anemometer observations which are in the tower wake and have been removed from the 2 or 20 min intervals. All six BAO tower measurement heights are shown in gray, with the mean over all heights in black. The distribution of all observations that contribute to each bin (averaged over all heights) is shown in bars, with labels on the right axis of both plots for the respective time intervals.
in the wakes, the RMSE levels off and then steeply increases at 90 %, but, since the RMSE is more sensitive to outliers, the results are noisier. We note that about 30 % of the 20 min intervals never experience a wake (the 0 % bin in the figure), but only 18 % of the XPIA dataset is completely in a wake (the 100 % bin in the figure) . Therefore, removing all values either completely or partially contained in the tower wake still leaves a substantial portion of clean data, which have low error between sonic anemometer observations.
Conclusions
When wind speeds from the sonic anemometers mounted on opposing sides of the 300 m BAO tower are compared to each other (Fig. 5) , the effects of the tower wakes on the downstream instrumentation and speed-up around the tower are quantified. Wind speed deficits up to 50 % are observed by the sonic anemometer in the wake of the BAO tower between 115 and 170, and 315 and 10 • from north, with significant decreases in correlation from 134 to 181 and 300 to 13 • . Furthermore, just outside the boundaries of the wake re-gions that experience decreased wind speeds, the downwind sonic anemometers experience a 5 % increase in wind speed over the upstream sonic anemometers, which tapers off as the wind direction rotates away from approximately downwind to a more perpendicular direction. Comparisons of turbulent kinetic energy measured by opposing sonic anemometers showed a wider range of angles impacted by the BAO tower structure -including portions of the region of speed-up -from 100 to 175 and 300 to 25 • from north, with significant decreases in correlation from 104 to 189 and 288 to 2 • . The asymmetry of tower-wake effects around the booms is due to the placement of the booms on the southwest face of the triangular tower (Fig. 1) , which causes flow from the southwest to interact with the tower differently than winds from the northeast. These wake regions were confirmed by observations of the mean wind speed from WINDCUBE ® V2 profiling lidar and virtual tower stares from triple-Doppler retrievals from scanning lidars. Following a similar comparison method to that of wind speed, deflection of the winds was observed by differences in wind direction measured between opposing sonic anemometers and the lidar systems. Bin-averaged wind direction differences up to 10 • were observed between sonic anemometers, and the independent measurements from the lidars showed those contributions to come from both sonic anemometers. The direction differences between the sonic anemometers and the lidars revealed behavior explained by flow deflected around the tower, as shown in Fig. 17 . Even at a distance of 3-4 m from the tower, the flow direction is still visibly distorted by the tower, requiring careful use of these measurements. It is recommended that, when two sonic anemometers are present, the wind direction be averaged for all direction values but the wind speeds be averaged, excluding any individual sonic anemometer measurements in a tower wake. The impact of an increasing percentage of data in a wake that must be removed from the 2 min mean wind speed and TKE was shown to vary between these two quantities, so users of the sonic anemometer data must determine the threshold of allowed periods based on the application. It is recommended, considering the availability of wake-free periods during XPIA, that strict quality control is performed to guarantee the most accurate observations, free from towerwake effects. These errors must be considered when using these observations to validate other measurement techniques.
This study shows significant effects on wind speed, turbulence, and wind direction caused by the tower structure on sonic anemometer measurements. Future analysis of temperature and humidity data from tall towers may also uncover tower-wake impacts on thermodynamic quantities. For the XPIA field campaign, this tower-wake study will help identify ideal directions and time periods best suited for modeling case studies, as well as allowing more precise determination of the accuracy of profiling and scanning lidar and radar wind profiles. More generally, this study highlights that collection of high-accuracy anemometer data from tall towers requires a careful analysis of wake and flow distortion effects. Future use of these and other tall-tower sonic anemometer data will require careful removal of the measurements in a tower wake, using the correct range of wind directions, and appropriate thresholding of intervals with missing data due to wakes.
Data availability
All data are publicly accessible at the DOE Atmosphere to Electrons Data Archive and Portal, found at https://a2e. energy.gov/projects/xpia.
